M ost human genes exhibit alternative splicing, but not all alternatively spliced transcripts produce functional proteins. Computational and experimental results indicate that a substantial fraction of alternative splicing events in humans result in mRNA isoforms that harbor a premature termination codon (PTC). These transcripts are predicted to be degraded by the nonsense-mediated mRNA decay (NMD) pathway. One explanation for the abundance of PTC-containing isoforms is that they represent splicing errors that are identified and degraded by the NMD pathway. Another potential explanation for this startling observation is that cells may link alternative splicing and NMD to regulate the abundance of mRNA transcripts. This mechanism, which we call "Regulated Unproductive Splicing and Translation" (rust), has been experimentally shown to regulate expression of a wide variety of genes in many organisms from yeast to human. It is frequently employed for autoregulation of proteins that affect the splicing process itself. Thus, alternative splicing and NMD act together to play an important role in regulating gene expression.
Introduction
One major result of the large-scale sequencing projects of the last decade has been an appreciation of the extent of alternative splicing of mammalian genes. Estimates vary, but most reports agree that over half of human genes are alternatively spliced. 1, 2 What is the biological function of this extensive alternative splicing? Many propose that it is a major mechanism underlying proteome expansion, 3 but alternative splicing can also modulate the function or activity of a gene, for instance by adding or removing exons encoding protein domains or by altering the stability of the transcript or resulting protein. [4] [5] [6] In the last few years, it has become clear that many alternative splice forms previously thought to encode truncated proteins are actually targets of NMD (Fig. 1) . In mammals, a termination codon located more than about 50 nucleotides upstream of the final exon junction is generally recognized as premature and elicits NMD. [7] [8] [9] Understanding of this rule allowed for the identification of numerous transcripts that are predicted to be degraded rather than translated into protein.
The prevalence of these predicted NMD-targeted transcripts calls for a reconsideration of the roles of alternative splicing and NMD. Since the mechanism of recognition by the NMD pathway is best understood in mammals and there are relatively few predicted or verified targets of NMD in other organisms, we will focus this review primarily on mammalian targets of NMD.
Transcripts containing a PTC can arise through various patterns of alternative splicing (Fig. 2) . For example, an exon inclusion event can introduce an in-frame PTC, thus targeting the transcript for NMD. Most alternative splicing events that induce a frameshift are predicted to give rise to a downstream PTC. Alternative splicing in noncoding regions can also give rise to NMD targets. For example, the splicing of a 3' UTR intron can create an exon-exon junction more than 50 nucleotides downstream of the original stop codon, which will consequently be recognized as premature. 10 NMD was originally considered to be a quality control mechanism, protecting the cell from the potentially toxic effects of nonsense codons introduced by errors in replication, transcription, or splicing. 11, 12 We now know that there are many targets of NMD, 13, 14 including transcripts with uORFs, products of alternative splicing, byproducts of V(D)J recombination and transcripts arising from transposons and retroviruses. 15 Indeed, it now seems that a major effect of NMD is to downregulate specific transcripts, in addition to clearing the cell of aberrant transcripts. Figure 1�� �o�e ��tern�ti�e�� sp�i�ed tr�ns�ripts �re degr�ded b� Nonsense �edi�ted �RNA �e��� (N��)�� The sp�i�eoso�e deposits �n �xon Jun�tion Co�p�ex (�JC) on the �RNA ~20-24nt upstre�� o�� the sp�i�e jun�tion�� thereb� ��rking the ��or�er �o��tion o�� the ex�ised intron�� 9 On the first�� pioneering round o�� tr�ns��tion�� 25 �n� in-��r��e stop �odon ��ound �ore th�n 50 nt upstre�� o�� the sp�i�e jun�tion triggers N��; su�h � �odon is ����ed � PTC��
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A�tern�ti�e sp�i�ing ��n �e�d to the in��usion o�� � PTC on �n ��tern�ti�e�� sp�i�ed region�� or ��� gi�e rise to � downstre�� PTC due to � ��r��eshi��t�� Thus�� ��tern�ti�e sp�i�ing ��n gi�e rise to unprodu�ti�e tr�ns�ripts�� �p�i�ing ����tors (��be��ed "�F") ��n ��ter the r�tio o�� produ�ti�e tr�ns�ripts to tr�ns�ripts th�t �ont�in � PTC�� t�rgeting the� ��or degr�d�tion�� In this ex��p�e�� the d�rk sp�i�ing ����tor shown indu�es the in��usion o�� �n ��tern�ti�e exon with � PTC�� thereb� de�re�sing the �bund�n�e o�� the produ�ti�e iso��or� �nd downregu��ting protein expression�� Co�ponents o�� the sp�i�ing ���hiner� su�h �s U2AF35 �nd PT� ��n si�i��r�� regu��te iso��or� proportions��
While it was long known that alternative splicing may produce isoforms that are degraded by NMD, this was not appreciated as a pervasive phenomenon until genome-wide studies indicated that a substantial fraction of human genes are spliced to produce isoforms that may be targeted for NMD. Figure 2�� P�tterns o�� ��tern�ti�e sp�i�ing�� A�tern�ti�e se�e�tion o�� 5' �nd 3' sp�i�e sites ��n �e�d to ��rious p�tterns o�� in��uded exons�� An� exon th�t is in��uded in �n ��tern�ti�e ��or� ��� h�rbor � PTC�� A�so�� whene�er �n exon whose �ength is not � �u�tip�e o�� 3 is in��uded or re�o�ed�� the �on�o�it�nt ��r��e shi��t ��� resu�t in � downstre�� PTC�� Fin������ sp�i�ing out �n intron in the 3' untr�ns��ted region (UTR) ��n ��use the nor��� stop �odon to be �onsidered pre��ture��
The first study to predict widespread NMD of alternative splice forms used human mRNA and EST sequences from public databases to infer alternative splice forms and identify PTCs. 16 Lewis et al considered 16,780 human mRNA sequences from the reviewed category of RefSeq, a set of well-characterized, experimentally confirmed transcript sequences. 17 Alignment of the RefSeq mRNAs to their genomic loci showed that 617 of these curated mRNA sequences, or 3.7%, contained PTCs. However, the alternative splice forms inferred by aligning EST sequences from dbEST 18 to the RefSeq-defined genomic loci substantially increased the estimated fraction of genes with PTC + isoforms (Fig. 3) . Based on the EST data, over 3000 of the RefSeq genes had alternative splice forms and of these alternatively spliced genes, 45% were predicted to encode at least one splice isoform that is a target of NMD. 16 Therefore, the study found that at least 12% of human genes have a PTC + isoform. These results have been confirmed and strengthened by more recent studies. An analysis of the isoforms contained in SWISS-PROT 19 showed that even this reliable, curated database contained presumed translation products of mRNA sequences that are likely to be degraded by NMD. Alignment of the mRNA sequence of each protein isoform reported in SWISS-PROT to the human genome identified reliable exon-intron structures for 2483 isoforms from 1363 genes. The 50-nucleotide rule predicted that 144 isoforms (5.8% of 2483) from 107 genes (7.9% of 1363) contain a PTC and are likely targets of NMD. 20 An elegant study by Baek and Green extended the analysis of PTC + alternative splicing to consider conservation of splice forms between human and mouse. 21 This approach helps distinguish aberrant splicing events from rare but functional variants. Starting from a large set of cDNA and EST sequences, Baek and Green identified about 1500 pairs of exon inclusion/exclusion splice forms found in both human and mouse. A quarter of the conserved alternative forms contain a conserved PTC, 21 which is consistent with subsequent findings, 23 suggesting that these isoforms play a functional role and that the PTC is important to their function.
Several microarray experiments have provided direct evidence to support these computational results. 15, 22 In one example of these experiments, Mendell and coworkers depleted HeLa cells of Upf1, an essential component of the NMD pathway, and used microarrays to compare mRNA abundances in these cells to mRNA abundances in mock-treated cells. 15 They found that 4.9% of the ~4000 transcripts tested showed significantly higher abundances in cells deficient in NMD, suggesting that NMD normally downregulates those transcripts. Evidence that their observations were largely due to the direct action of NMD, rather than being a downstream regulatory consequence, was provided by showing that several of the putative NMD-targeted transcripts they identified decayed faster in normal cells than in cells depleted of Upf1. They also provided evidence that the effect they observed was due to NMD by showing that the PTC + transcript abundances responded similarly to depletion of Upf2, another protein that is essential for NMD. Finally, Mendell et al also observed that 4.3% of the transcripts decreased in abundance in NMD-deficient cells. The stability of those transcripts was not altered by NMD deficiency, showing that the change in their abundance was an indirect effect. Because this microarray experiment detected changes in total transcript levels across all isoforms of a particular gene, it may not have detected changes in transcript levels of a specific PTC + isoform. Therefore, many true NMD targets would not have been identified.
To specifically detect changes in specific isoform abundances due to NMD inhibition, Pan et al used an alternative splicing microarray platform. 23 By distinguishing relative levels of PTC + versus PTC -isoforms, they found that approximately 10% of the PTC-containing isoforms increased in abundance by at least 15 percentage points upon inhibition of NMD. Although Pan et al were able to detect relatively few targets of NMD, they reported that a majority of the PTC + isoforms are present at relatively low abundances, even when NMD is inhibited. They concluded that many of these may represent nonfunctional transcripts or transcripts that are not under strong selection pressure. This conclusion is consistent with the observation that the majority of PTC-containing splice variants identified in sequenced transcripts are not conserved between human and mouse. 21, 23 Figure 3�� In��eren�e o�� ��tern�ti�e sp�i�e ��or�s �nd PTCs ��ro� Re���eq �nd ��T d�t��� Lewis et �� ��igned �oding regions o�� Re���eq �RNAs to the geno�i� sequen�e to deter�ine ��noni��� sp�i�ing p�tterns�� 16 ��T ��ign�ents to the geno�i� sequen�e �onfir�ed the ��noni��� sp�i�es �nd indi��ted ��tern�ti�e sp�i�es�� C�noni��� (Re���eq) sp�i�es �re indi��ted �bo�e the exons�� where�s ��tern�ti�e sp�i�es �re indi��ted be�ow the exons�� When �n ��tern�ti�e sp�i�e introdu�ed � stop �odon >50 nu��eotides upstre�� o�� the fin�� exon-exon jun�tion o�� �n in��erred �RNA iso��or��� the stop �odon w�s ���ssified �s � PTC �nd the �orresponding �RNA iso��or� w�s ��be�ed �n N�� ��ndid�te��
There is limited information about the prevalence of alternative splicing coupled to NMD in Drosophila. Rehwinkel et al used a gene expression array and found that 3.4% of genes had a significant increase in overall transcript abundances when NMD was inhibited; intriguingly, the NMD protein SMG5 was among these. 24 More recently, an alternative splicing array platform capable of distinguishing distinct isoforms found an order of magnitude more isoforms that are targets of NMD in fly (manuscript in preparation). However, even this finding represents a modest level of coupling relative to the amount predicted based on the analysis of EST and cDNA transcripts from human and mouse tissues.
The striking number of predicted PTC + alternative splice forms demands more detailed explanation. Are some of these isoforms translated at levels sufficient to impact physiology? Are they an unavoidable side effect of productive alternative splicing? The existence of numerous PTC + isoforms was first inferred from EST data. 16 One may wonder why EST evidence exists at all for isoforms that are expected to be degraded by NMD. As observed in numerous examples (Table 1) , NMD substantially reduces the abundance of PTC + transcripts, but does not eliminate them entirely. One explanation for the presence of these ESTs is that NMD surveillance may not be completely effective. Furthermore, PTC + isoforms are not degraded instantly upon being spliced; rather, their degradation occurs only after a pioneer round of translation, 25 which might occur near the nuclear pore during or soon after export of the message from the nucleus (reviewed in ref. 26 ). Thus, we expect there to be some steady-state abundance of PTC + isoforms that have not yet been degraded, especially inside the nucleus. A series of elegant experiments and computational modeling in yeast suggest that the dominant reason for the presence of PTC + mRNAs in the cell is the temporal lag between splicing and degradation, rather than incomplete surveillance. 27 Evidently, the resulting abundance of PTC + isoforms is in many cases high enough for ESTs derived from those isoforms to be observed and deposited in dbEST. Indeed, many of the alternative splice junctions that generate a PTC are supported by multiple ESTs.
Nevertheless, less stable isoforms will be underrepresented in EST libraries. Using sequence features such as splice site strength, Baek and Green modeled the predicted inclusion rates of alternative exons. 21 They showed that PTC + isoforms are probably produced at a higher rate than they are observed in EST data and that many are degraded before they can be sequenced. Thus, the EST data underestimate the fraction of a given gene's mRNA that is PTC + and also underestimate the number of genes with PTC + alternative splicing. For this reason and also because the quality filters used in the above studies excluded many genes and isoforms, EST-based reports offer a lower bound on the number of PTC + isoforms; the true prevalence of alternative splicing and of PTC + isoforms may be substantially higher. Some PTC + transcripts may evade NMD, increasing their likelihood of being observed and deposited in sequence databases. This evasion can happen in two ways-by the incomplete action of NMD to degrade the PTC + transcript, or by a specific mechanism that allows the transcript to evade NMD to ensure protein production. There are a few known examples in which a transcript which should be degraded according to the 50-nucleotide rule is in fact stable and is translated to produce protein. These include polycistronic transcripts on which translation is reinitiated downstream of a PTC [28] [29] [30] ; apolipoprotein B, which is protected from NMD by an RNA editing complex 31 ; some transcripts with a PTC near the initiation codon 32 ; cytokine thrombopoietin (TPO) mRNA with several uORFs 33 ; and an aberrant beta-globin transcript which is protected from NMD by an unknown mechanism. 34 Although NMD does not prevent protein production entirely in such cases, it may nonetheless limit expression from PTC + transcripts substantially, as was shown for an alternative transcript of FAH 35 and for ARD-1. 28 Nonetheless, documented �ots indi��te dire�t experi�ent�� �onfir��tion; ���k o�� � dot �e�ns on�� th�t the experi�ent h�s not been per��or�ed to our know�edge�� For inst�n�e�� whi�e it see�s �ert�in th�t IT�N-1 PTC + iso��or�s �re degr�ded b� N���� this h�s not been dire�t�� obser�ed using Up��1 kno�kdown or �nother N�� �ss���� The ��ew ��ses where �n experi�ent w�s per��or�ed but �ie�ded � neg�ti�e resu�t �re noted�� A��� ��tern�ti�e sp�i�ing exceptions to the 50-nt rule are rare and there are many more known cases in which the 50-nt rule is obeyed. Even for PTC + transcripts that do not evade NMD, the possibility remains that the single truncated protein product of the pioneer round of translation is functionally significant, since some regulatory proteins can have an effect even at a very low copy number. 36 Also, to the extent that NMD is not completely effective at detecting and degrading typical PTC + transcripts, the transcripts that escape this process may be translated to produce truncated proteins. However, these proteins will frequently lack critical domains, rendering them inactive or even harmful. In any case, it is hard to imagine that functional roles of truncated proteins could explain the high prevalence of genes with PTC + isoforms, especially given the wide functional diversity of these genes, and no data exist to support such a view.
While there may be exceptions, it seems unlikely that many PTC + isoforms produce functional protein, either during the pioneer round of translation, due to incomplete surveillance, or by evading NMD altogether.
Are the Observed PTC + mRNA Isoforms a Side Effect of Productive Alternative Splicing?
In the particular situation of mutually-exclusive exon usage, NMD may be a mechanism for removing transcripts that erroneously include both exons or neither exon. For isoforms of FGFR2, including both exons or neither exon introduces a frameshift and PTC into the mRNA, targeting it for degradation. 37 In this circumstance, an isoform including exon IIIb while skipping exon IIIc is productive; similarly, the isoform including exon IIIc but excluding exon IIIb is productive. However, the spliceosome may also pair the same splice sites differently such that both exons are included, or such that neither are included. Both of these latter possibilities introduce a PTC (Fig. 4) .
Each splice site involved in the removal of exons IIIb and IIIc is required for the production of at least one productive isoform; the unproductive isoforms arise simply from alternate pairings of these otherwise productive splice sites. Given that the spliceosome is prone to such alternate pairings, there may be evolutionary pressure to ensure that the undesired isoforms include a PTC. This results in an inevitable side effect of the mechanism for productive alternative splicing. NMD can be used as a filter to remove these "side effect" isoforms, which may comprise a substantial fraction of the transcripts produced (up to 50% in the case of FGFR2). 37 We examined the alternative isoforms inferred from human dbEST data (see above) and found that PTC + isoforms could be explained as a side effect for 34% of the genes that produce them. That is, 66% of the genes with a PTC + isoform have a splice site that is specific to PTC + isoforms and that is responsible for introducing the PTC (Soergel 2005 , unpublished data). If these unproductive isoforms were on the whole detrimental to the cell, then we would expect evolutionary pressure to have selected against PTC + specific splice sites, but in fact many of them are strikingly conserved, as we discuss below. Thus, while the contribution of "side effect" isoforms may be significant, they alone cannot explain the high prevalence of PTC + isoforms.
Do the Observed PTC + mRNA Isoforms Represent Missplicing or Cellular Noise?
NMD was originally described as a means of clearing erroneous transcripts from the cell. 11, 12 In keeping with this role, some alternative splice forms that are degraded by NMD could represent splicing errors. Such errors could arise from mutations disrupting splice sites or regulatory sequences, including mutations in intronic regions that are invisible after intron removal. Also, the splicing machinery itself could recognize incorrect splice sites. The spliceosome distinguishes true splice sites from nearby cryptic sites with impressive fidelity, but splice site recognition is a complex process and errors occur at some rate. Although there are at present no clear data on the extent of missplicing, EST libraries contain millions of transcript sequences and even extremely rare events, such as those arising from missplicing, may be represented.
In EST-based computational analyses, splicing errors can be identified to some extent by filtering out splicing events that are seen only in a few ESTs, but this method cannot distinguish errors from legitimate rare splice forms. With multiple mammalian genomes available, recent work has focused on evolutionary conservation to suggest negative selection and, perhaps, functional roles for conserved alternative forms, 21, 38 (also reviewed in refs. 39, 40) . Minor isoforms, those that occur only a fraction of the time, are less often conserved than major isoforms 41 and may sometimes represent recent mutations or splicing errors. The minor isoforms that are conserved, including PTC-containing isoforms, are more likely to be functional than minor isoforms that are seen only in one species, although species-specific isoforms may also be functional. 42 As described above, Baek and Green identified PTC + isoforms that were conserved between human and mouse to filter out aberrant splicing. They note that the inclusion of the same "accidental" alternative exon is unlikely to happen by chance in both species, but that occasional accidental skipping of the same exon could more readily happen by chance in both human and mouse. To reduce the influence of these conserved but aberrant splicing events on their data set, Baek and Green designed a statistical method to discriminate between splicing errors and functional alternative splicing. Using this method, they inferred that 80% of the conserved PTC-producing splice Figure 4�� N�� ��n be e�p�o�ed to re�o�e "side e����e�t" iso��or�s in the ��se o�� �utu���� ex��usi�e exons�� A�tern�ti�e sp�i�ing ��� gener�te two produ�ti�e iso��or�s in��uding one or the other o�� � p�ir o�� �utu���� ex��usi�e exons�� �� �hoosing di����erent p�irings ��ro� the s��e set o�� 5' �nd 3' sp�i�e sites�� the sp�i�eoso�e ��� ��so gener�te iso��or�s in��uding both exons�� or neither exon�� Fr��eshi��ts ��n gi�e rise to PTCs on these undesired iso��or�s so th�t the� wi�� be degr�ded b� N���� events they considered were legitimate, compared to 20% that appeared aberrant. 21 Thus, most of the conserved PTC-producing splice events they observed were not likely due to missplicing.
Pan and coworkers used an experimental approach to understand whether the prevalence of PTC + transcripts is a result of functional gene regulation or splicing noise. 23 As previously described, they developed an alternative splicing microarray platform to detect the relative abundance of PTC + versus PTC -isoforms for over a thousand cassette-exon type alternative splicing events in mouse. Their study showed that in 10 diverse untreated mouse tissues where NMD is active, most PTC + isoforms represent less than 50% of the steady state pool of transcripts from a given gene. The low abundance is consistent either with a reduction in the levels of PTC + isoforms due to the action of NMD, or with infrequent occurrence of the alternative splice events that produces the PTC + isoforms. To address these two possibilities in one cell type, Pan et al measured the changes in relative abundance of PTC + isoforms upon NMD inhibition in HeLa cells, using a microarray profiling 3055 human cassette exons. A small percentage of PTC + isoforms were upregulated after NMD inhibition, suggesting that their unproductive splicing could affect gene expression. Nonetheless, because the majority of PTC+ isoforms are present at low abundance even when NMD is inhibited, Pan et al inferred that most PTC + isoforms may not contribute important functional roles. One cannot exclude the possibility that subtle changes in the abundance of some PTC + isoforms have functional consequences, perhaps in different tissues. Nevertheless, this study suggests that the majority of PTC + isoforms may simply be due to infrequent splicing events and represent potential cellular noise cleared by the NMD machinery. 43 If many PTC-containing transcripts are a result of splicing noise, their prevalence in a wide variety of genes could reflect a functional role that allows for the evolution of new gene functions via alternative splicing. 40, 44 The existence of NMD could have led to an increase in alternative splicing, because any splicing errors that introduced PTCs would be removed by NMD, reducing the harmful effects of missplicing. As a result, the pressure to recognize splice sites perfectly would be lowered. Functional alternative splice forms could arise through splicing errors and then become established by sequence changes that strengthen their splice sites or add regulatory elements.
Are PTC + mRNA Isoforms Important for the Regulation of Gene Expression?
There are many examples of specific transcripts that are regulated by the coupling of alternative splicing and NMD (Table 1) . This process provides an additional level of regulatory circuitry to help the cell achieve the proper level of expression for a given protein. The cell could change the level of productive mRNA after transcription by shunting some fraction of the already-transcribed pre-mRNA into an unproductive splice form and then to the decay pathway (Fig. 1) . In the simplest case, some constant fraction of a gene's pre-mRNA is spliced into an unproductive, NMD-targeted form. In other cases, the proportion of transcripts targeted for degradation is regulated by an external input. Finally, autoregulatory loops can arise in which a protein affects the splicing pattern of its own pre-mRNA. The process of gene regulation through the coupled action of alternative splicing and NMD has been termed "Regulated Unproductive Splicing and Translation, " or rust.
Constitutive Unproductive Splicing
The simplest type of coupled alternative splicing and NMD is one in which the ratio of productive to unproductive splice forms is not significantly variable. In this case, the combined effect of alternative splicing with NMD reduces message abundance by a more or less constant factor. An apparent example of this is the Calpain-10 gene, which encodes a ubiquitously expressed protease and is alternatively spliced to produce eight mRNA isoforms. 20, 45 An analysis of these isoforms using SWISS-PROT and genomic sequences showed that four contained PTCs. An expression study by Horikawa et al showed that the four PTC + isoforms were "less abundant" in vivo than the other four. 45 Further experiments showed that the PTC + isoforms increased in abundance relative to the PTC -isoforms when cells were treated with cycloheximide, which blocks translation and thereby inactivates the NMD pathway. 46 This result confirmed that all eight mRNA isoforms are produced but that the four PTC + isoforms are degraded by NMD. Other experimentally confirmed examples in the literature reflect apparent constitutive unproductive splicing (Table 1a) . Such cases may not be regulation, but simply cellular noise, with the unproductive splicing providing little or no selective advantage or function. Of course, in each of these cases, there may be as yet unknown regulatory inputs that impact the splicing process and alter the isoform proportions.
Regulated Unproductive Splicing
There are many examples of regulated alternative splicing, particularly in tissue-specific alternative splicing events, e.g., references 47-49. The role of regulated alternative splicing is emerging as an important layer of gene regulation, much like gene regulation at the transcriptional and translational levels. 39 Twenty-three examples of regulated alternative splicing leading to NMD are shown in Table 1 . In addition to changing the relative abundance of functional isoforms, changes in the splicing environment may increase or decrease the production of translated isoforms relative to PTC + isoforms that are degraded by NMD (Fig. 1) . The 5' and 3' splice sites recognized by the spliceosome have a range of "strengths" or binding affinities for the core spliceosome components. Selection of splice sites is also under the control of a host of regulatory splicing factors which bind to specific sequence signals in the pre-mRNA. These sequences may be exonic or intronic and may be associated with enhancement or suppression of splicing at nearby (and sometimes at distant) splice sites. Cis-regulatory sequences, such as exonic splicing enhancers (ESEs), are frequently found in clusters, suggesting a combinatorial regulation of splicing by complexes of splicing factors. 50, 51 (Refer to the chapter by L. Chasin in this volume.)
A change in the abundances of splicing factors can shift the balance of splicing patterns towards the production of NMD-targeted isoforms, thereby reducing the abundance of productive transcripts and hence the rate of protein production. In this way, splicing factors can act as regulatory inputs to alter gene expression in a manner analogous to transcription factors. An example of this intriguing mode of gene regulation is MID1, which encodes a microtubule-associated protein involved in triggering the degradation of phosphatase 2A.
52 MID1 is ubiquitously transcribed, but it is spliced in a tissue-and development-specific manner. Winter and coworkers observed numerous alternatively spliced transcripts which included novel alternative exons, in addition to nine previously known constitutive exons. Most of the transcripts with novel exons contained in-frame stop codons and subsequent alternative poly(A+) tails; the alternative polyadenylation meant that the stop codons were not premature, allowing for translation of a C-terminally truncated protein.
A second class of alternative transcripts contained stop codons closely followed by an in-frame start codon, suggesting the possibility of translation reinitiation and production of N-terminally truncated protein. A third class of alternative transcripts contained premature stop codons that were associated neither with an alternate poly(A+) signal nor with an alternate start site. These transcripts were predicted to be subject to NMD according to the 50-nucleotide rule. Consistent with this prediction, Winter et al found that the abundance of human MID1 transcripts including exon 1c (an alternative exon introducing a PTC) increased in the presence of the NMD inhibitor cycloheximide. 52 Finally, Winter et al used RT-PCR to observe that different MID1 isoforms are produced in different tissues and at different developmental stages in both human and mouse. For instance, the PTC-introducing exon 1a was observed in five distinct transcripts in human fetal brain cells, two transcripts in fetal liver cells and none in fetal fibroblasts. These results strongly suggest that alternative splicing and NMD are being employed to regulate the overall abundance of productive MID1 transcripts.
The gene encoding spermidine/spermine N 1 -acetyltransferase (SSAT), an enzyme that regulates the intracellular levels of the polyamines spermidine and spermine, provides an interesting example of rust. 53 SSAT acetylates spermidine and spermine, which are then excreted out of the cell. 53 Polyamines were known to regulate gene expression of SSAT at the level of transcription and stabilization of the mRNA 53 and Hyvönen et al present evidence that polyamines regulate gene expression of SSAT by promoting the exclusion of an exon containing three in-frame PTCs. Upregulation of the PTC + isoform occurs when polyamine levels are low-a condition where the enzyme is not needed. Upon depletion of polyamines in mouse embryonic stem cells, Hyvönen et al observed an increase in the relative abundance of the PTC + isoform of SSAT, termed SSAT-X. Conversely, after treating cells with DENSpm, a polyamine analog, they observed a decrease in the amount of SSAT-X mRNA relative to the normal, PTC -SSAT mRNA. 53 To demonstrate that SSAT-X mRNAs are degraded by NMD, Hyvönen et al inhibited NMD in fetal fibroblasts by treatment with cycloheximide or an siRNA targeted to UPF1. Under both conditions, they observed an increase in the relative amount of SSAT-X mRNA, thus providing evidence that SSAT-X is a target of NMD. Furthermore, they observed a decrease in the relative amount of SSAT-X in cells treated with cycloheximide and DENSpm compared to cells treated with only cycloheximide, indicating that the addition of polyamines does not enhance NMD activity, but does affect alternative splicing. 53 Polyamines also affected the splicing of a PTC + isoform of an unrelated gene, Clk1, but did not affect the splicing of three other genes, indicating that polyamines may specifically regulate other transcripts as well. Although the mechanism which enables polyamines to regulate changes in alternative splicing of SSAT is not known, the results of the above experiments show a clear and novel example of rust.
Defects in the regulation of unproductive splicing can lead to disease. Myotonic dystrophy (DM), an autosomal dominant disease, is the most common form of adult-onset muscular dystrophy. DM has been shown to be caused by either of two repeat expansions whose presence in an mRNA affect the function of several splicing factors 54 such as CUG-BP1 and thus induce splicing changes in several genes. 55, 56 (Refer to the chapter by T. Cooper in this volume.) The mechanism by which these repeat expansions affect the function of CUG-BP1 is not clear; however, the misregulation of CUG-BP1 has downstream effects that contribute to DM. Patients develop myotonia from lack of muscle-specific chloride channel 1 (ClC-1). The misexpression of CUG-BP1 in DM tissue results in the mis-splicing of the ClC-1 pre-mRNA. 57 The normal developmental splicing pattern for ClC-1 has a PTC + splice form in embryos but a productive splice form in adult cells. In DM tissue, ClC-1 splicing reverts to its embryonic, PTC-containing splicing pattern-which is greatly reduced in abundance, likely as a consequence of NMD. 58 Tissues from DM patients have increased steady-state levels of CUG-BP1 protein and the overexpression of CUG-BP1 in mouse skeletal muscle and heart tissues results in the embryonic splicing pattern of ClC-1. 59, 60 In addition, expression of the CUG-BP1 protein is decreased in mouse skeletal muscle and heart tissues shortly after birth, 60, 61 providing evidence that the CUG-BP1 protein influences the splicing of the PTC + isoform. Thus, it appears that normal ClC-1 expression is governed by rust and that the DM disease is caused by undermining the proper function of splicing factors with consequent disruption of rust.
Autoregulatory Unproductive Splicing
There is abundant evidence that rust is used for autoregulation, most prevalently of proteins that are part of the splicing or translation machinery. In some fascinating cases, proteins that are not generally involved in mRNA processing bind specifically to their own transcripts to affect their splicing and elicit NMD. One example of this is found in yeast. Yeast genes are generally unspliced, but in the few intron-containing genes, intron inclusion can introduce an in-frame stop codon and target the transcript for NMD. The yeast ribosomal protein RPL30 binds to its own pre-mRNA to prevent intron removal. This retained intron contains a PTC that triggers NMD. 62 The mRNAs of other yeast ribosomal protein genes, including RPL28 (CYH2) and RPS17B (RP51B), sometimes retain their introns and become natural NMD targets, leaving open the possibility that their splicing is also regulated to elicit NMD. 63 Some ribosomal proteins in C. elegans are similarly autoregulated. A screen for natural targets of NMD identified the genes for ribosomal proteins L3, L7a, L10a and L12. Each of these genes can be alternatively spliced to generate either a productive isoform or an unproductive isoform that contains a PTC and is therefore degraded by NMD. The ratio of productive to unproductive alternative splicing of rpl-12 is affected by levels of RPL-12 protein, indicating that unproductive splicing of rpl-12 is under feedback control. 64 More recently, NMD-target isoforms of the human ribosomal protein genes rpL3 and rpL12 were identified and the unproductive splicing of rpL3 was shown to be autoregulated by rpL3 protein in a negative feedback loop. 99 Rust thus seems to play a similar role in the regulation of ribosomal proteins in species from yeast to human.
A striking number of splicing factors and elements of the splicing machinery are autoregulated through rust (Fig. 5 and Tables 1c and 1d ). One such example is the polypyrimidine tract binding protein (PTB), a protein whose function is to inhibit splicing by competing with U2AF for the polypyrimidine tract and perhaps through other mechanisms as well (reviewed in refs. 50, 65) . Figure 5�� Autoregu��tor� unprodu�ti�e sp�i�ing�� �o�e sp�i�ing ����tors�� su�h �s PT� �nd �C35�� regu��te the sp�i�ing o�� their own tr�ns�ripts so �s to ��ter the proportion o�� unprodu�ti�e iso��or�s�� 10��67 This �re�tes � neg�ti�e ��eedb��k �oop�� st�bi�izing the �on�entr�tion o�� the sp�i�-ing ����tor o�er ti�e�� Autoregu��ted sp�i�ing ����tors �re gener���� not spe�ifi� to their own tr�ns�ripts�� howe�er; the� i�pinge on the sp�i�ing o�� ��n� other pre-�RNAs �s we���� PTB is alternatively spliced to produce two major productive isoforms (one of which lacks exon 9), 66, 67 one minor productive isoform lacking exons 3-9, 67,68 and two unproductive isoforms lacking exon 11. Removing exon 11 causes a frameshift leading to a downstream PTC. PTB protein has been found to promote the removal of exon 11 from its own transcripts. 67 Consequently, when PTB levels are high, PTB production is slowed by targeting PTB transcripts for NMD and when PTB levels are low, production is accelerated by reducing the proportion of transcripts that are degraded. 67, 69, 70 A similar autoregulatory process has been reported for members of a family of splicing factors known as SR proteins. Overexpression of the SR protein SC35 upregulates the splicing of its own NMD-targeted isoform to reduce protein production. 10 Intriguingly, similar unproductive splicing is found in all human SR genes and some hnRNPs,and the alternative splicing events that create the PTC-containing isoforms are conserved in mouse orthologs. 107, 108 Remarkably, some of the most conserved regions of the human and mouse genomes are associated with this unproductive splicing.
The CDC-like kinases (Clks), which regulate SR proteins, seem to be affected by rust as well. 20 Rust appears to regulate the Clk1 protein through an indirect feedback mechanism. Clk1 has been shown to indirectly modify splicing of its own transcript, most likely through phosphorylation of SR proteins. 71 Thus, as a variation of the autoregulatory circuit described above, increased Clk1 activity may result in changes in the activity of one or more SR proteins. These SR proteins in turn affect the splicing of Clk1 pre-mRNA to favor a PTC + transcript that is predicted to undergo NMD. This PTC + transcript is stabilized by cycloheximide, providing evidence that it is indeed normally degraded by NMD. 72 Rust regulation of SR proteins, Clks and PTB may have downstream effects on many pre-mRNAs. Thus, rust can regulate factors that control alternative splicing of many other gene products.
Finally, splicing factors that are autoregulated by rust may also be subject to rust that is triggered by heterologous factors rather than autoregulation. This is seen in the alternative splicing of PTB, which can be affected by the splicing regulators raver1 and CELF4, forming a network of regulatory factors contributing to rust. 67 
Conservation of rust
The coordinated use of alternative splicing and NMD is seen not only in mammals but in organisms as distant as yeast 62 and plants. 73 The mechanism of PTC recognition differs between mammals and other species, where it does not seem to depend on the location of the stop codon relative to exon junctions. 74 There have been significant advances recently in elucidating the recognition mechanism in flies and yeast, 75, 76 but the rules are not clear enough to allow for computational identification of NMD targets. Nonetheless, NMD affects gene expression in a variety of different organisms. 24, 77 In several of the examples discussed above, analysis of orthologous and paralogous sequences suggests that splicing to generate PTC + alternative isoforms and thus rust regulation, is shared across species and across protein families. In the case of PTB, the sequence and upstream regulatory elements of alternatively included PTC-containing exon 11 are very similar between the Fugu rubripes ortholog and the analyzed human gene, as well as in the human nPTB paralog. 67 Mouse and monkey orthologs of the human multidrug resistance associated transporter ABCC4 share highly conserved PTC-containing exons that are orthologous to the alternatively included exons of human ABCC4, another apparent rust target. 78 Particularly strong evidence of conservation of rust is found in the Clks. Alternative splicing to exclude exon 4, introducing a frameshift and PTC, is conserved among three human paralogs (Clk1, Clk2 and Clk3), the three orthologs of these genes in mouse and even the sole copy of the gene in the sea squirt Ciona intestinalis. 20 One SR protein in Ciona also has unproductive splice patterns matching those seen in human and mouse. 107 The action of NMD on a gene can be retained even when the specific alternative splicing events that elicit NMD are not conserved. As discussed above, MID1 is a human rust target. Interestingly, while PTC + isoforms of MID1 were found in human, mouse and fugu, the responsible stop codons were introduced by alternative exons that showed no homology between these species. 52 Thus, in this case, it appears that the rust mode of regulation was maintained while the specific sequence elements triggering it were not. This suggests that rust has often and readily evolved to regulate specific classes of genes in organisms that already have both alternative splicing and NMD.
Why rust?
A substantial portion of alternatively-spliced mRNAs seem to be targets of NMD. We have discussed possible explanations for the prevalence of unproductive splicing: do these splice forms represent biological noise or are they produced to regulate protein expression? The relatively low abundance and lack of conservation of many PTC + isoforms suggests that many of these isoforms are nonfunctional or cellular noise, but the growing body of examples nevertheless suggests that rust plays a significant regulatory role in the cell.
Many truncated proteins encoded by alternative transcripts would be nonfunctional even if their transcripts were not removed by NMD. Is the combination of alternative splicing and NMD inherently different from alternative splicing that produces nonfunctional protein? Or does alternative splicing alone provide the important regulatory step, with NMD acting only as a convenient but inessential cleanup mechanism? Some proven cases of rust illustrate that the coordinated action of both pathways is required for regulation. As described above, expression of the SR protein SC35 is autoregulated by rust; its alternative splicing occurs in the 3' UTR to create an exon junction downstream of the original stop codon without changing the open reading frame. 10 The alternative splicing seems to have no role other than causing the original termination codon to be recognized as premature. Without NMD, the alternative mRNA would still encode the full-length protein, so the alternative splice event alone could not be used to regulate protein levels. It seems, then, that some genes have evolved to take advantage of the combination of alternative splicing and NMD in a role different from those filled by either process alone.
Rust seems, at first, to be a wasteful process. A gene is transcribed and spliced, only to be degraded before it can produce a protein. Yet we know that there are functional cases of rust. The cost to the cell of transcribing apparently-extraneous RNA is clearly not prohibitive. In humans, roughly 85-95% of transcribed sequence is spliced out as introns and discarded. 79 Evidently, transcription of intron sequence is not a significant selective disadvantage and intron splicing may even provide some general selective advantage. Similarly, the cost of transcribing a pre-mRNA only to splice it into an unproductive form must be balanced by the advantages of an additional layer of regulation of gene expression or the flexibility to evolve new gene isoforms without harmful effects.
How is a process like rust beneficial to the cell? It provides an additional level of regulation. Transcriptional regulation is the most studied means of controlling gene expression, but in some cases additional control may be beneficial. Splicing regulation occurs after the decision to transcribe a region and rust may provide a rapid way to change the levels of productive mRNA. In extreme cases such as the dystrophin gene, transcription can take many hours 80 and the requirements of the cell might change after transcription begins but before a critical splicing decision that determines whether or not to introduce a PTC. Even when temporal regulation is not necessary, an extra layer of regulation can help fine tune or amplify transcriptional and other regulation.
Rust could either increase or decrease protein expression from steady-state levels. The splicing factor PTB illustrates this point. At steady state, 20% of the transcribed pre-mRNAs of PTB are spliced to an unproductive form. 67 In general, we expect that a rust-regulated gene is transcribed to produce more pre-mRNA than is needed at steady state and that in normal conditions there is a base level of downregulation by unproductive splicing. This fraction of "wasted" transcripts constitutes the headroom available to the regulatory system to increase levels of productive transcript.
In a system with prevalent alternative splicing, regulation by rust may evolve easily. For any particular gene, there are many possible alternative splicing events that could introduce a PTC and elicit NMD (Fig. 1) . If the sequence of the gene changes slightly to promote one of these splicing events in certain splicing environments and the resulting downregulation of the gene by NMD is beneficial, then a basic sort of regulation has evolved. This has clearly occurred independently many times. Indeed, rust seems to have evolved independently in every one of the SR genes. 107 Without NMD, alternative splicing can still regulate gene expression by producing nonfunctional proteins. The additional advantages of coupling splicing with NMD may be that it prevents accumulation of potentially harmful truncated proteins and that it reduces wasted translation, making unproductive splicing less costly.
Splicing factors such as PTB seem to be overrepresented among the known rust targets. Is this a coincidence or acquisition bias, or is rust used most often to regulate a small set of proteins that are already capable of binding pre-mRNAs? The latter may be the case for autoregulation by rust. A protein that has an existing role in splicing may evolve autoregulation through splicing more easily than a non-RNA-binding protein. Indeed, this is a simple and elegant means of regulation for RNA binding proteins. There are only a handful of known cases in which a protein that is not a splicing factor is autoregulated by rust and even these are predominantly ribosomal proteins that do bind RNA in other, nonsplicing contexts. However, autoregulation is by no means the only role of rust and there is no reason for non-autoregulatory rust to affect splicing factors preferentially. The examples listed in Table 1 indicate that rust is involved in the regulation of a diverse set of proteins.
The potential for alternative splicing to regulate gene expression has been appreciated for many years. Bingham et al proposed that "on/off regulation at the level of splicing might be unexpectedly common, " in a 1988 review featuring three cases of unproductive splicing in Drosophila. 81 An early paper about the splicing factor ASF discussed alternative splicing as a quantitative control of gene expression. 82 Nonsense-mediated decay adds an additional layer to the story 83 ; many of the unproductive splice forms identified years ago are now known to be degraded rather than translated. Alternative splicing and NMD can be combined in an elegant way to regulate a wide variety of genes.
